Introduction
Caenorhabditis elegans uses a variety of attractive olfactory cues to detect food. We show here that the responses to olfactory cues are regulated in a dynamic way by behavioral context and the animal's previous experience. Prolonged exposure to an odorant leads to a decreased response to that odorant, a form of behavioral plasticity called olfactory adaptation. We show that starvation can increase the extent of olfactory adaptation to the odorant benzaldehyde; this effect of starvation persists for several hours after the animals have been returned to food. The effect of starvation is antagonized by exogenous serotonin, which induces many of the same behavioral responses in C. elegans as are induced by food. Starvation also inhibits recovery from adaptation to a different odorant, 2-methylpyrazine, thus enhancing olfactory memory. In addition to its effects on adaptation, starvation modulates olfactory discrimination in C. elegans; starved animals discriminate more classes of odorants than fed animals. Increased olfactory discrimination is also seen in the adaptation-defective mutant adp-l(ky20).
These various forms of behavioral plasticity enhance the ability of starved animals to respond to novel, potentially informative odorants.
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Animals respond to environmental signals by modifying their behavior. For example, the nematode Caenorhabditis elegans decreases its response to an odorant following prolonged exposure to that odorant ; this behavioral modification constitutes a primitive form of memory. Mutants that have specific defects in olfactory adaptation while retaining normal olfactory acuity have been identified . Interestingly, adaptation to different odorants requires different genes; for example, the adp-l(ky20) mutation affects adaptation to some odorants but not others. Although the mechanisms of adaptation are not fully understood, calcium influx has been shown to play a crucial role in the ability of animals to remember previous odorant exposure , and a putative ion channel with structural similarity to the Drosophila TRP channel may mediate some forms of olfactory adaptation (H.A. Colbert, T. Smith, and C.I. Bargmann, in prep.) .
Environmental cues also modulate other aspects of C. elegans behavior. For example, C. elegans's thermal preferences are modified by the animal's experience (Hedgecock and Russell 1975; Mori and Ohshima 1995) , as are touch (Rankin et al. 1990 ) and taste responses (Ward 1973; Dusenbery 1980) . C. elegans's feeding state also modulates several of the animal's behaviors: The presence of food stimulates defecation (Liu and Thomas 1994) , pharyngeal pumping (Avery and Horvitz 1990) , and egg laying (Horvitz et al. 1982; Trent 1982; Weinshenker et al. 1995) , but inhibits locomotion (Croll 1975) . The neurotransmitter serotonin has been detected in C. elegans by formal- LEARNING & MEMORY 4:179-191 9 1997 by Cold Spring Harbor Laboratory Press ISSN1072-0502/97 $5.00 L E A R N / N G dehyde-induced fluorescence and by immunocytological methods (Horvitz et al. 1982; Desai et al. 1988; Loer and Kenyon 1993) ; serotonin has been proposed to function both as a neurotransmitter and as a neurohormone to regulate several C. elegans behaviors. Exposure to exogenous serotonin mimics the effects of food in several respects: It stimulates pharyngeal pumping (Avery and Horvitz 1990) , as well as egg laying (Horvitz et al. 1982; Trent et al. 1983; Schafer and Kenyon 1995) , but inhibits locomotion (Horvitz et al. 1982; Schafer and Kenyon 1995) . Serotonin may therefore mediate some of the effects of food on behavior. The effects of serotonin on locomotion and egg laying are thought to be mediated by the G protein e~-subunit encoded by goa-1, which is expressed in all neurons and some muscles (Mendel et al. 1995; Segalat et al. 1995) . Serotonin functions as a neuromodulator and a neurohormone in many other vertebrate and invertebrate systems; the role of serotonin in modulating synaptic plasticity has been well documented.
In the gill-withdrawal reflex pathway of Aplysia, serotonin enhances short-term presynaptic facilitation by modulating potassium conductances and enhancing neurotransmitter release in sensory neurons (for review, see Byrne and Kandel 1996) ; serotonin also regulates neurotransmitter release at the crayfish neuromuscular junction (Delaney et al. 1991) . Serotonin functions as a neuromodulator in the olfactory systems of invertebrates (Gelperin et al. 1993; Kloppenburg and Hildebrand 1995; Mercer et al. 1995) and has been implicated in olfactory learning in rat pups (McLean et al. 1993) .
We were interested in determining whether olfactory memory and discrimination are modulated by environmental signals in C. elegans. Psychophysical studies in humans have suggested a link between starvation and olfactory acuity, although this has been controversial (Koelega 1994) ; habituation to food cues in humans is modulated by environmental signals (Epstein et al. 1992) . Little is known, however, about the mechanistic basis for modulation of olfactory responses by feeding state or other environmental cues. C. elegans is an ideal system in which to address these questions owing to the simplicity and genetic tractability of its olfactory system. C. elegans uses two pairs of olfactory sensory neurons, designated AWA and AWC, to discriminate at least seven classes of volatile odorants; a single odorant can be detected over a concentration range of a millionfold (Bargmann et al. 1993) . Olfactory adaptation in C. elegans in-volves odorant-selective pathways; adaptation to one odorant does not affect the response to other odorants sensed by the same olfactory neuron .
Here, we show that olfactory memory in C.
elegans is enhanced by starvation, whereas olfactory sensitivity is largely unaffected; exposure to exogenous serotonin inhibits this effect of starvation. Starvation also enhances the ability of C. elegans to discriminate among odorants, as does the mutation adp-l(ky20), which inhibits some forms of adaptation. Finally, adaptation to one odorant increases sensitivity to another odorant sensed by the same olfactory neuron.
Materials and Methods

STRAINS
Wild-type worms were C. elegans variety Bristol, strain N2. Worms were grown to adulthood under unstarved conditions at 20~ or 25~ using standard methods (Brenner 1974) . The strain CX20
adp-1(ky20) II was used in this work .
BEHAVIORAL ASSAYS
Population chemotaxis assays were conducted using standard techniques (Bargmann et al. 1993) : Several hundred animals were washed twice with S Basal and once with assay buffer (same composition as assay plates but without agar). They were then transferred to the middle of a 10-cm assay plate containing 10 ml of agar (1.6% agar, 5 mi KPO 4 at pH 6, 1 mM CaC12, 1 mM MgSO4). One microliter of diluted odorant was placed at one end of the plate with 1 jal of diluent (ethanol) at the other end of the plate. One microliter of 1 M NaN 3 was placed at each end of the plate to paralyze the animals upon arrival at either the odorant or the diluent. Assays were conducted for 60 min; only adult animals were scored in all assays. The chemotaxis index (CI) was calculated as follows: CI -(no. at attractant) -(no. at diluent)/total no. of animals tested. Unless otherwise noted, odorant concentrations (vol/vol) used for assays were benzaldehyde, 1:200; butanone, 1:1000; isoamyl alcohol, 1:100; 2-methylpyrazine, 1:1000; and diacetyl, 1:1000. Odorants were diluted in ethanol.
Adaptation assays were performed as described in Colbert and Bargmann (1995) : Animals were washed twice with S Basal and once with assay buffer and were transferred to a 10-cm plate containing 10 mI of agar (3% agar, 5 mi KPO 4 at pH 6.0, 1 mi CaCI2, 1 mi MgSO4). Odorant was distributed among five agar plugs on the lid of the plate (or not); the plate was sealed with Parafilm. After adaptation for the designated time, the animals were washed three times with S Basal and once with assay buffer, and chemotaxis assays were performed as described. The amounts of odorants used for adaptations were 3 ~al of benzaldehyde, 15 ~tl of isoamyl alcohol, or 1 ~tl of 2-methylpyrazine. Adaptations were performed in the absence of food.
Food was prepared by growing Escherichia coli (HB101) to saturation in 2 liters of LB media; the bacteria were subsequently spun down and resuspended in 40 ml of H20. For incubations with food, three 20-tal drops of food were distributed over 3% assay plates and animals were then transferred to these plates.
Starvation time courses were performed as follows: Animals were washed twice with S Basal and once with assay buffer and were transferred to 3% assay plates (same composition as assay plates except with 3% agar) on which they were maintained with food. At various times, animals were washed three times and transferred to 3% assay plates without food. After the designated starvation period had elapsed, odorant was distributed over the lid of the assay plates (or not) and the subsequent adaptation and assays were performed as described .
Starvation assays presented in Figure 2 , B and C, below, were conducted in a similar way: Animals were washed and transferred to 3% assay plates with or without food. After 2 hr, they were washed again and transferred to 3% assay plates on which they were adapted (or not) and assayed.
Recovery from starvation presented in Figure  1B was assayed as follows: Animals were washed three times and transferred to 3% assay plates with food. At various times, they were washed and transferred to 3% assay plates on which they were starved for 2 hr. Subsequently, food was added to the plates, and the animals were allowed to recover for the designated time periods. They were then washed, adapted, and assayed. Fed animals were treated identically except they were not starved.
Dose-response curves on fed versus starved animals were performed by washing animals, transferring them to 3% assay plates with or without food for 2 hr, washing them again, and assaying their response to various dilutions of odorant.
To assay the effects of exogenous serotonin on starved and fed animals, animals were washed and transferred to 3% assay plates containing 5 mi serotonin (or not). Food was added to these plates (or not) and the animals were incubated for 2 hr. They were then washed, adapted (or not), and assayed. Two millimolar serotonin gave a similar effect to 5 mm serotonin, whereas 1 mi serotonin produced an intermediate effect on adaptation of starved animals (data not shown). Animals were also transferred to phentolamine-containing plates (at concentrations of 2 mg/ml, 1.5 mg/ml, and 1 mg/ml), incubated for 2 hr, and subsequently washed, adapted, and assayed. Preincubation with the octopamine antagonist phentolamine produced no effect on adaptation (data not shown).
To determine whether exogenous serotonin was sufficient to reverse the effect of starvation on benzaldehyde adaptation, animals were starved for 2 hr and then transferred to plates containing food, 5 mM serotonin, or neither food nor serotonin for 3 hr. They were then adapted and assayed. No effect was seen following shorter incubations on serotonin-containing plates (data not shown). Combinations of 5 mM serotonin and 1 mg/ml of phentolamine, or 5 mi serotonin and 1 mM carbachol also failed to reverse the effect of starvation on benzaldehyde adaptation (data not shown).
Cross-saturation assays were performed as follows: Animals were washed and transferred to 3% assay plates containing 1 ~1 of benzaldehyde per 10 ml of agar for 5 min. They were then washed and assayed on plates with lids containing 15 agar plugs (0.8 cm diam.) taken from an assay plate containing 1 ~tl of benzaldehyde per 10 ml of agar. These agar plugs were positioned in such a way as to provide a relatively high uniform concentration of benzaldehyde across the entire assay plate. For the assays presented in Figure 5A , below, the animals were first washed and transferred to 3% assay plates with or without food for 2 hr, and then assayed as described above. Saturation with isoamyl alcohol also cross-saturates the response to benzaldehyde: A similar protocol involving exposure to 1 lal of isoamyl alcohol reduced the isoamyl alcohol chemotaxis index from 0.85 to -0.04 (four and six assays, respectively, t= 8.46, P < 0.001), and the benzaldehyde chemotaxis index from 0.84 to 0.35 (five and seven assays, respectively, t = 3.45, P = 0.006).
To determine the time course of recovery from
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Assays of the effect of starvation on recovery from olfactory adaptation were conducted as follows: Animals were adapted to an odorant, washed, and transferred to 3% assay plates with or without food. After the stated recovery time period, they were assayed for their odorant responses.
Assays of olfactory acuity following odorant exposure were performed as follows: Animals were exposed to the adapting odorant as described, then washed, divided, and assayed in par-allel for their responses to both the adapting odorant and to a second odorant assayed at a submaximal concentration.
STATISTICAL ANALYSIS
Statistical analyses were performed with the StatView 512+ program (McGraw-Hill). Pairwise comparisons were made using two-tailed t-tests. Multiple comparisons were made using ANOVA and Bonferroni t-tests.
Results
STARVATION ENHANCES THE EXTENT OF ADAPTATION TO AN AWC-SENSED ODORANT
The extent of olfactory adaptation in response to an odorant increases with amount of odorant and with time of odorant exposure . In addition, wild-type animals adapted to benzaldehyde more completely when starved for an hour prior to odorant exposure (Fig. 1A) . The effect of starvation on benzaldehyde adaptation followed a characteristic time course with a maximal effect on adaptation seen after approximately 1 hr of starvation. Within 3 hr of being returned to food, starved animals responded at the level of fed animals, indicating that animals can recover from this effect of starvation ( Fig. 1B) .
To determine whether starvation affects olfactory adaptation or olfactory acuity, unadapted animals were tested for their response to various dilutions of benzaldehyde ( Fig. 2A) . No effect of starvation on benzaldehyde sensitivity was seen in unadapted animals, suggesting that starvation modulates the process of olfactory adaptation rather than olfactory responsiveness.
Benzaldehyde is sensed by the AWC olfactory neurons (Bargmann et al. 1993) . We were interested in determining whether starvation enhances adaptation to all AWC-sensed odorants. Adaptation to isoamyl alcohol was examined using the same starvation and adaptation conditions that revealed effects on benzaldehyde adaptation; under these conditions, starvation did not affect isoamyl alcohol adaptation (Fig. 2B) . Thus, starvation modulates adaptation to some but not all AWe-sensed odorants.
Genetic and pharmacological manipulation of C. elegans has revealed potential pathways that regulate olfactory adaptation . The adp-1 mutant, which is defective in adaptation to benzaldehyde, exhibited starva- Figure 2 : Starvation enhances adaptation to a subset of AWC-sensed odorants but does not affect olfactory responsiveness. (A) Starvation does not affect the benzaldehyde response of unadapted animals. Animals were starved (broken line) or fed (solid line) for 3 hr; they were then assayed for their response to various dilutions of benzaldehyde. Starved and fed animals responded similarly to benzaldehyde at all dilutions tested (by t-test, 6 degrees of freedom for each data point: 10~ t = 0.166, P = 0.87; 10 -1 : t = 0.468, P=0.66; 10-2: t=1.85, P=0.11; 10-3: t=1.78, P--0.13; 10-4: t=0.89, P=0.41; 10-5: t=0.072, P = 0.95; 10-6: t = 1.801, P = 0.12). (B) Starvation does not enhance adaptation to isoamyl alcohol. Animals were starved (hatched bars) or fed (solid bars) for 2 hr; they were then incubated with (adapted) or without (unadapted) isoamyl alcohol for 60 min. Subsequently, they were assayed for their response to isoamyl alcohol or to the control odorant butanone (control). Starved and fed animals adapted similarly to isoamyl alcohol (t= 1.758, 10 degrees of freedom, P= 0.11 ). (C) Adaptation of adp-1 mutants to benzaldehyde is modulated by starvation. Wild-type and adp-1 mutant animals were starved or fed for 2 hr. They were then incubated with (adapted) or without (unadapted) benzaldehyde for 60 rain and were subsequently assayed for their response to benzaldehyde or to the control odorant butanone (control). Starvation enhanced adaptation of adp-1 animals to benzaldehyde [marked with asterisk (*); t= 2.818 with 6 degrees of freedom, P = 0.03].
Wild-type controls also exhibited enhanced adaptation. Each data point represents the average of at least three independent assays using 100-200 animals per assay. Error bars equal the S.E.M.
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EXOGENOUS SEROTONIN INHIBITS THE EFFECT OF STARVATION ON BENZALDEHYDE ADAPTATION
Exogenous serotonin mimics the effects of feeding on multiple C. elegans behaviors (Horvitz et al. 1982; Avery and Horvitz 1990; Schafer and Kenyon 1995) . We found that animals that were starved on serotonin-containing plates adapted to benzaldehyde like fed animals (Fig. 3A) . However, if animals were first starved and then transferred to serotonin-containing plates, exogenous serotonin did not rescue the effect of prior starvation on benzaldehyde adaptation (Fig. 313) .
The biogenic amine octopamine has been detected in C. elegans by biochemical methods. Exogenous octopamine antagonizes the effect of serotonin on egg laying (Horvitz et al. 1982) , whereas the octopamine antagonist phentolamine (Evans and O'Shea 1978) stimulates egg laying in C elegans. No effect on benzaldehyde adaptation was seen when animals were starved on phentolamine-containing plates at a range of different concentrations (data not shown; see Materials and Methods).
STARVATION INHIBITS RECOVERY FROM ADAPTATION TO AN AWA-SENSED ODORANT
Starvation may enhance benzaldehyde adaptation by modulating adaptation directly; alternatively, it could act by inhibiting recovery from ad- Figure : 3: Serotonin inhibits starvation-induced enhancement of benzaldehyde adaptation. (A) Animals were maintained for 2 hr with (fed) or without (starved) food and with (+5HT) or without exogenous serotonin; they were then incubated for 60 min with (adapted) or without (unadapted) benzaldehyde and were assayed for their response to benzaldehyde or to the control odorant butanone (control). Starved, serotonin-treated animals adapted less to benzaldehyde than starved controls [marked with asterisk (*); t = 6.254 with 20 degrees of freedom, P< 0.05 by Bonferroni t-test] and behaved similarly to fed animals with regard to benzaldehyde adaptation (t= 2.165 with 20 degrees of freedom; P> 0.05). Exogenous serotonin (5 raM) was used for the incubations; this concentration is similar to that used to induce other behaviors in C. elegans, such as egg laying (Horvitz et al. 1982 ) and pharyngeal pumping (Avery and Horvitz 1990) . (B) Animals were starved for 2 hr and were then incubated for 3 hr in the presence of food (fed), in the presence of serotonin (starved + 5HT), or in the absence of food or serotonin (starved). They were then incubated with (adapted) or without (unadapted) benzaldehyde for 60 min and were subsequently assayed for their response to benzaldehyde or to the control odorant butanone (control). Animals that were starved and incubated with serotonin were indistinguishable from animals starved without serotonin (t = 1.013 with 15 degrees of freedom, P > 0.05 by Bonferroni t-test) and distinct from unstarved animals (t-6.949 with 15 degrees of freedom; P< 0.05). Each data point represents the average of at least three independent assays using 100-200 animals per assay. Error bars indicate S.E.M. aptation. We found that animals that were adapted to benzaldehyde and then removed from odorant regained their benzaldehyde response similarly in the presence or absence of food (Fig. 4A ). For this odorant, starvation appears to affect only the extent of adaptation and not recovery from adaptation.
A different effect of starvation was observed when adaptation to 2-methylpyrazine was examined. The odorant pyrazine is sensed by the AWA olfactory neurons (Bargmann et al. 1993) , and analysis of AWA-defective mutants indicates that 2-methylpyrazine is most likely also sensed by the AWA neurons (H.A. Colbert and C.I. Bargmann, unpubl.; D. Tobin and K. Roayaie, pers. comm.).
Unlike most odorants, which require up to 1.5 hr of odorant exposure for maximal adaptation (Colbert and Bargmann 1995), 2-methylpyrazine adaptation was complete within 10 min of odorant exposure ( Fig. 4B ; data not shown). 2-Methylpyrazine-adapted animals responded normally to the AWA-sensed odorant diacetyl and to several other odorants (Fig. 4B, inset; data not shown).
Recovery from adaptation to 2-methylpyrazine followed a time course similar to that of other odorants, with half-maximal recovery occurring within 60 min and full recovery occurring within 3 hr after termination of odorant exposure (Fig. 4B ). 2-Methylpyrazine adaptation was so rapid that the effect of starvation on pyrazine adaptation could Animals were incubated with (adapted) or without (unadapted) benzaldehyde for 90 min. They were then incubated for 45 min in the presence (solid bars) or absence (hatched bars) of food and were subsequently assayed for their response to benzaldehyde or to the control odorant butanone (control). Wild-type animals recover in -2.5 hr, so this 45-min time point could reveal either enhancement or suppression of recovery. Fed and starved animals recovered from benzaldehyde adaptation to a similar extent (by t-test: t = 0.472, 10 degrees of freedom, P = 0.647). (B) Recovery from 2-methylpyrazine adaptation. Wild-type animals were incubated for 10 min with (broken line) or without (solid line) 2-methylpyrazine and were then allowed to recover in the absence of odorant for various lengths of time. They were subsequently assayed for their responses to 2-methylpyrazine or to the control odorant diacetyl (inset). Recoveries were conducted in the presence of food. The time course and range of chemotaxis indices are identical for the graph and its inset. (C) Starvation inhibits recovery from 2-methylpyrazine adaptation. Animals were incubated with (adapted) or without (unadapted) 2-methylpyrazine for 10 rain; they were then allowed to recover for 90 min in the absence of odorant and in the presence (solid bars) or absence (hatched bars) of food. They were subsequently assayed for their response to 2-methylpyrazine or to the control odorant diacetyl (control). Recovery from 2-methylpyrazine adaptation was inhibited in starved animals relative to fed animals [marked with asterisk (*); by t-test: t = 9.68, 6 degrees of freedom, P < 0.001]. Each data point represents the average of at least three independent assays using 100-200 animals per assay. Error bars equal S.E.M.
Cold Spring Harbor Laboratory Press on November 4, 2016 -Published by learnmem.cshlp.org Downloaded from not be determined. However, starvation did affect recovery from 2-methylpyrazine adaptation (Fig.  4C) ; 90 min after termination of odorant exposure, starved animals had only recovered half as well as fed animals. For this odorant, starvation appears to inhibit recovery from olfactory adaptation, thereby extending olfactory memory.
STARVATION ENHANCES OLFACTORY DISCRIMINATION
Unadapted animals fail to respond to an odorant in the presence of high uniform concentrations of that odorant; this decrease in response is termed saturation (Bargmann et al. 1993) . In some cases, an odorant can cross-saturate the response to a second odorant sensed by the same olfactory neuron; cross-saturation studies in humans have provided a means of odorant classification (Murphy 1987) . Similarly, cross-saturation assays provide a measure of the ability of C. elegans to discriminate among various odorants. For example, the AWC-sensed odorants benzaldehyde and isoamyl alcohol reciprocally cross-saturate the other's response (Bargmann et al. 1993 ; Materials and Methods), indicating that these two odorants are poorly distinguished by C. elegans. We were interested in determining whether starvation affects the ability of wild-type animals to discriminate different odorants in this cross-saturation paradigm. We found that starvation enhanced the ability of benzaldehyde to saturate its own response but that it inhibited the ability of benzaldehyde to cross-saturate the isoamyl alcohol response of wild-type animals (Fig. 5A) . Thus, starvation enhances the ability of animals to discriminate among odorants that normally cross-saturate with one another.
To determine whether starvation directly modulates the isoamyl alcohol response, starved and fed animals were assayed for their response to various dilutions of isoamyl alcohol (Fig. 5B) . As was observed with benzaldehyde, starved and fed animals responded similarly to the odorant. Although starved animals appeared to be slightly more sensitive to isoamyl alcohol than fed animals at the 10 -2 isoamyl alcohol dilution, this difference was too slight to account for the effect of starvation on cross-saturation.
The term cross-adaptation refers to a diminished response to one odorant following adaptation to another odorant; the mutant adp-1 (ky20) is partially defective in cross-adaptation of the iso-amyl alcohol response by benzaldehyde . We found that adp-1 animals were also partially defective in cross-saturation of the isoamyl alcohol response by benzaldehyde, although the ability of benzaldehyde to saturate its own response was unaffected (Fig. 5C ). Therefore, adp-1 animals exhibited enhanced olfactory discrimination in this assay. Because adp-1 affects both cross-saturation and cross-adaptation, these two processes may share common components.
ADAPTATION TO ONE ODORANT FACILITATES THE RESPONSE TO ANOTHER ODORANT SENSED BY THE SAME NEURON
Human and rat psychophysical studies have indicated that, in addition to attenuating the response to cross-adapting odorants, adaptation to an odorant may also facilitate the response to noncross-adapting odorants (Engen 1982) . To examine whether adaptation to an odorant might enhance the response to other odorants, animals adapted to isoamyl alcohol were assayed for their response to the odorant butanone. Butanone is sensed by the AWC neurons, but it does not cross-adapt with isoamyl alcohol or benzaldehyde . We found that adaptation to isoamyl alcohol led to an increased response to butanone at concentrations of butanone that elicited a submaximal response in unadapted animals (Fig. 6A ). This effect of isoamyl alcohol adaptation was selective for butanone, as the response to the odorant diacetyl was not significantly affected by isoamyl alcohol adaptation (Fig. 6B ).
Discussion
STARVATION ENHANCES OLFACTORY ADAPTATION, MEMORY, AND DISCRIMINATION
Olfactory adaptation in C elegans has properties characteristic of memory. Adaptation is a specific, lasting, but reversible behavioral modification in response to an animal's olfactory experience, that is not attributable to fatigue or injury (Dudai 1989) . It depends on the activity of specific gene products, indicating that it is an active rather than a passive response to the presence of odorant . Here, we show that the context of odorant presentation affects adaptation: The same odorant stimulus elicits different effects
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A brief period of starvation alters olfactory adaptation in several ways (Fig. 7) . Starvation enhances adaptation to the odorant benzaldehyde, but it does not affect the olfactory response of unadapted animals to benzaldehyde. These results indicate that starvation specifically modulates the process of olfactory adaptation and not olfactory sensitivity. The effect of starvation on olfactory adaptation is antagonized by exogenous serotonin, suggesting that serotonin may mediate the effect of feeding state on adaptation. Serotonergic neurons in C. elegans include the pharyngeal NSM neurons, which are thought to be neurosecretory in function (Albertson and Thomson 1976) . Release of serotonin by the NSM neurons into the adjacent pseudocoelomic space could permit serotonin to modulate the activity of chemosensory neurons located in the head of the animal. Alternatively, the serotonergic ADF chemosensory neurons may mediate the effects of starvation on olfactory adaptation; ADF and the olfactory neurons AWA and AWC share common postsynaptic partners (White et al. 1986 ). of isoamyl alcohol by benzaldehyde. Animals were incubated with (solid bars) or without (hatched bars) food for 2 hr. They were then assayed for their responses to benzaldehyde, isoamyl alcohol, or butanone (control), in the presence (marked by Sat) or absence of saturating concentrations of benzaldehyde. The benzaldehyde response of starved animals was saturated more completely than that of fed animals [marked with asterisk (*); by t-test: t= 3.097, 10 degrees of freedom, P= 0.011 ]; cross-saturation of isoamyl alcohol by benzaldehyde was inhibited by starvation [marked with asterisk (*); by t-test: t = 14.379, 10 degrees of freedom, P < 0.001]. (B) Effect of starvation on chemotaxis to isoamyl alcohol. Animals were incubated with (solid line) or without (broken line) food for 2 hr and of isoamyl alcohol. Starved and fed animals responded similarly to isoamyl alcohol at all dilutions tested except for 10 -2 (by t-test, 10 degrees of freedom for each data point: 10~ t = 0.566, P= 0.58; 10-1: t= 1.76, P= 0.11; 10-2: t= 2.406, P= 0.037; 10-3: t= 1. 535, P= 0.16; 10-4: t= 0.196, P= 0.85; 10-5: t= 0.527, P= 0.61; 10-6: t= 0.503, P= 0.63). (C) Wild-type (solid bars) and adp-l(ky20)(hatched bars) animals were assayed for their responses to benzaldehyde, isoamyl alcohol, and butanone (control), in the presence (marked by Sat) or absence of saturating concentrations of benzaldehyde. The benzaldehyde response of adp-l(ky20) animals saturated normally (by t-test: t= 0.339, 10 degrees of freedom, P= 0.74); cross-saturation of the isoamyl alcohol response by benzaldehyde was diminished in adp-l(ky20) mutants [marked with asterisk (*); by t-test: t = 9.712, 10 degrees of freedom, P < 0.001]. Each data point represents the average of at least six independent assays using 100-200 animals per assay. Error bars indicate S.E.M. Starvation also potentiates adaptation to a second odorant, 2-methylpyrazine, but it does so by inhibiting recovery from adaptation. Adaptation to a third odorant, isoamyl alcohol, is not altered by starvation, but discrimination between this odorant and benzaldehyde is enhanced. These results indicate that starvation induces odorant-specific changes in C. elegans olfactory responses. It is striking that each odorant behaves so differently, especially because benzaldehyde and isoamyl alcohol are sensed by the same olfactory neurons. However, this observation is consistent with previous work showing that benzaldehyde and isoamyl alcohol adaptation have distinct genetic and pharmacological properties in unstarved animals .
OLFACTORY DISCRIMINATION IS AN ACTIVE PROCESS
Our results demonstrate that olfactory discrimination is a dynamic process, because enhanced discrimination is observed after starvation. Using only two pairs of olfactory neurons, the AWA and AWC neurons, C. elegans can discrimi-hate among at least scvcn classes of olfactory stimuli (Bargmann et al. 1993; Colbert and Bargmann 1995) . This discrimination is possible bccause individual neurons in C. elegans express multiple chcmosensory receptor genes ( Fig. 7 ; Troemel et al. 1995; Sengupta et al. 1996) . For r the olfactory receptor Odr-10 allows the AWA neurons to sense the odorant diacetyl, whereas other receptor genes mediate responses to other AWA-scnscd odorants (Sengupta ct al. 1996) . Olfactory discrimination in C. elegans may result from regulation of odorant receptors or other odorant-spccific signal transduction components within olfactory neurons. More complex lcvels of sensory information processing might occur downstream of the sensory neuron, as has been proposed for the ASH sensory synapse (Hart et al. 1995; Maricq et al. 1995) .
Unlike C. elegans neurons, vertebrate olfactory receptor neurons express only one or a few olfactory receptor genes Vassar et al. 1995) ; vertebrate olfactory discrimination is regulated at a later level of processing in the olfactory bulb (Moil and Shepherd 1994; Nakanishi 1995; Yokoi ct al. 1995) . The neurotransmitter glutamate is associated with incrcascd olfactory discilmina- (Bottom) After starvation, benzaldehyde adaptation is enhanced, but cross-saturation with isoamyl alcohol is blocked; these changes may occur within the sensory neuron, as drawn, or in downstream neurons. Serotonin antagonizes this effect of starvation.
tion (Yokoi et al. 1995) as well as olfactory memory in mice (Kaba et al. 1994 ) and sheep (Kendrick et al. 1992 ). Dopamine has also been implicated in modulation of discrimination, and olfactory deprivation in rats results in enhanced olfactory discrimination that is attributed to decreased dopamine levels Wilson and Sullivan 1995) . mechanism for modulating olfactory preferences based on previous experience. Both well-fed and starved animals adapt to olfactory stimuli, but starved animals show stronger, more specific changes in their behavior based on previous odorant experience. Starved animals exhibit increased olfactory adaptation and decreased recovery after adaptation to some odorants. At the same time, starvation enhances discrimination between odorants, so that adaptation of starved animals is more odorant-restricted than adaptation of well-fed animals. Furthermore, animals adapted to one odorant can exhibit increased sensitivity to another odorant.
These different forms of olfactory plasticity may act together to produce a change in an animal's olfactory search strategy depending on its feeding state. Well-fed animals are responsive to many odorants, although these responses are slowly altered through adaptation. Starved animals also respond to many odorants, but their preferences shift more strikingly based on their experience. For these animals, a novel, potentially informative odorant will be preferred to an odorant that did not lead the animal to food. As a result, starved animals are more likely to sample different environments, perhaps increasing their chances of finding food under stressful conditions. Bargmann, C.I., E. Hartwieg, and H.R. Horvitz. 1993 
